ABSTRACT: Pineapple peel biomass was used as raw material for nanocellulose extraction. The raw material is a residue from the Costa Rican fruit industry. The nanocellulose was obtained by a two-step hydrolysis process. Firstly, the cellulose was hydrolyzed with HCl to obtain microcrystalline cellulose. In the second step, the hydrolysis was carried out using H 2 SO 4 to obtain smaller fragments and decrease the lignin content. A timedependent study was carried out to determine the particle size decrease depending on the contact time with the H 2 SO 4 . The chemical, thermal and morphological properties were analyzed by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), dynamic light scattering (DLS), zeta potential, atomic force microscopy (AFM) and scanning electron microscopy (SEM). The nanofiber-like cellulose was obtained after 60 minutes of exposure to 65 wt% H 2 SO 4 .
INTRODUCTION
Cellulose is the most abundant natural polymer on earth's surface, and it's the primary component that provides stiffness and strength to plant structure. Roughly a third of the plant's anatomy is composed by cellulose, and each year 1000 tons are produced by natural synthesis [1] [2] [3] . Since cellulose is highly available, biodegradable, naturally renewable and biocompatible, it has become a material of particular relevance among scientists and material developers [1] . Because of these properties, it has been proposed as an alternative material to substitute petroleum-based polymers [2] [3] [4] . In Latin America, the pulp and juice of pineapples are exported while the shells remain in the country. These pineapple peels constitute a rich source of cellulose [5] . Fibers composed by cellulose constitute 19 wt% of the fruit and are composed of cellulose, hemicellulose and lignin; making it a potential material for obtaining nanocrystalline cellulose (NCC) due to the large amount of residues generated by agricultural industries [6] .
Cellulose is a linear carbohydrate polymer composed of β-glucopyranose units linked by glycosidic bonds. The NCC has a fiber-like and rod-like structure; therefore, it is crystalline [7] . Crystalline structures are formed by intra-and intermolecular hydrogen bonds [8] . The molecular length and properties depend on the natural source [9] . The particles length and width falls within the range of 200-500 nm and 5-10 nm, respectively [10] .
Nanocrystalline cellulose exhibits many physicochemical qualitites that confer unique properties such as high bending strength (∼10 GPa), a Young's modulus of approximately 150 GPa, high aspect ratio and specific surface area. Consequently, it has been used as reinforcement for polymer matrices [11] . Additionally, the surface of NCC is covered with polar groups such as hydroxyl groups, which provide high moisture adsorption capacity and surface reactivity [12] . Nanoparticles derived from cellulose present a strong potential as stabilizers for oil-water suspensions (fats in toppings, salad dressings and sauces) [2] , as reinforcement [13] , drug delivery excipient, enzyme immobilization and scaffold for tissue engineering [12, 14] and biosensors [15] , among others.
Acid hydrolysis of cellulose is the most common process for obtaining NCC. The amorphous fraction can be hydrolyzed with HCl and H 2 SO 4 and then the crystalline sections can be recovered by centrifugation [16] . Nevertheless, other processes have been reported such as enzymatic hydrolysis, treatment with ionic liquids and radiolysis [9, 17] .
This article aims to describe the hydrolysis conditions for extracting cellulose and producing NCC from pineapple peels. Furthermore, the characterization of NCC was performed using SEM and AFM to determine morphology and ratio aspects, TGA to determine degradation temperature, DLS to determine polydispersity, zeta potential to determine stability and FTIR to determine chemical composition and degree of crystallinity.
EXPERIMENTAL PROCEDURE

Materials
Pineapple peels were supplied by Florida Products S.A., Costa Rica. Sodium hydroxide (NaOH), sodium hypochlorite (NaClO), clorhidric acid (HCl), H 2 SO 4 and ethanol reagents were purchased from Sigma-Aldrich and used as received without further purification. Avicel® PH-101 microcrystalline cellulose (SigmaAldrich) was used as reference sample for FTIR. Figure 1 shows a diagram of the process for nanocellulose extraction from pineapple peel waste.
Microcrystalline Cellulose Preparation
Pineapple peels were placed in a solution of 20 wt% NaOH at 70-90 °C for one and a half hour, cleaned and placed again in 12 wt% NaOH for one hour. Next, they were bleached with a solution of 2.5 wt% NaClO at 60 °C for two hours. Afterwards, white cellulose was treated with 17 wt% HCl at 60 °C for two hours to obtain microcellulose.
Nanocrystalline Cellulose Preparation
The acid hydrolysis was carried out using a solution of 65 wt% H 2 SO 4 , temperature 55 °C and constant stirring between 0 to 75 minutes. Samples at 20, 35, 50, 60 and 75 min were taken for analysis. The samples were washed repeatedly with deionized water until they reached a neutral pH. Finally, nanocellulose suspension was dialyzed for 24 h to remove salt residues.
Characterization Techniques
The FTIR spectra were recorded using a Thermo Scientific Nicolet 6700 spectrometer at a range of 500-4000 cm −1 and a resolution of 4 cm −1 . The Avicel PH-101, microcellulose and nanocellulose extracted from the pineapple biomass were analyzed. Statistical analysis was conducted to study the repeatability of the calculated crystallinity data. The values were reported as x ± µ, where x is the average parameter and µ = ts n (t is the student's t for 90% confidence, s is the standard deviation and n is the number of samples). The material morphology investigations after different contact times were done using a JEOL JSM-5900 LV SEM, acceleration voltage of 20 kV. The samples were coated before analysis with a 10 nm gold film. The sample's topography was analyzed using an Asylum Research AFM operated in the tapping mode in air. Silicon probes (model Tap150Al-G, back side of the cantilever covered with Al) with resonance frequencies of 150 kHz and force constant of 5 N/m were used. For structure characterization the height differences were evaluated. Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 thermogravimetric analyzer. The samples (approx. 3 mg) were placed in a standard platinum pan. The mass change was measured between 50 °C and 1000 °C. Size distribution and zeta potential were measured by a Zetasizer instrument (Nanoseries, Malvern model ZS90) at λ 1 = 628 nm and λ 2 = 523 nm. Nanoparticle solutions of 0.1 mg/ml were analyzed.
RESULTS AND DISCUSSION
Initially, the lignin and other compounds like proteins were removed using NaOH and temperature. Figure 2 shows part of the lignocellulosic molecule and the sites which could react when in contact with the basic solution. In this step, the lignin ester bond could be broken and the COO* groups were oxidized, as highlighted in Figure 2 [18] . Figure 3a shows a microfiber-like particule with approximately 200 µm length and 16 µm diameter after the hydrolysis with HCl. This treatment promoted the partial hydrolysis of the cellulose, mainly by breaking the glycosidic bonds. The use of HCl was necessary to decrease size. The reaction sites are showed in Figure 2 .
The time-dependent study with H 2 SO 4 was made to determine when the reaction should be stopped in order to obtain NCC and not degrade the product. The morphology of the material after contact with the H 2 SO 4 was investigated using SEM and AFM, as can be seen in Figures 3 and 4 . Between 20 and 60 min the fiber-like particles descreased in size, as can be seen in Figure 3b -e. The size of the fibers varies over a broad range of sizes; the samples obtained were polydisperse, which was confirmed by the pI results in Table 1 . However, Figure 3 shows that the tendency of decreasing particle size with time is even similar in the pI results. The particles obtained after 60 minutes had a nanofiber-like morphology and after 75 minutes a more whisker-and round-like morphology. Both kinds of particles could be considered nanocellulose but according to the application one kind might be chosen. In general, longer reaction times yielded shorter nanocellulose particles. Times longer than 75 minutes produced a brownish color. This is associated with the degradation of the NCC. The H 2 SO 4 treatment was used to break more glycosidic bonds and consequently to extract a nanofiber-like product. A careful control of the hydrolysis time was crucial. It was observed during several trials that long contact times and variation of temperature decomposed the nanocellulose to small organic molecules, producing a dark brown color. Figure 5a . The sample after 75 minutes presents a higher fraction of round-like particles, as shown in Figure 4e ,f. The ratio length/diameter of the fiber decreased from approximately 500 to 120 after 60 minutes. The diameter size decreased faster than the length. After 75 minutes, whisker and round particles with 18 ± 6 nm sizes were obtained, as it can be seen in Figures 4d and 5b .
For determining the composition of material extracted and to correlate the decrease in size with the decrease in the amorphous part, time-dependant samples were analyzed by FTIR. The characteristic peaks of cellulose can be seen in all the spectras. The peak at 3336 cm -1 and at 2894 cm -1 were associated with the O-H stretching signal and the C-H stretching vibration, respectively. The symmetric C-O-C stretching of the glycosidic bond was detected at 895 cm -1 [19] and the C-O-C pyranose ring stretching at 1058 cm -1 [20] . The spectral peaks observed at 1315 and 1367 cm -1 were attributed to twisting vibrations of -CH 2 , -CH and -CO groups of aromatic rings that can be present in the sample. In contrast to cellulose, lignin presents several aromatic rings in its structure. [21] . These aromatic rings can be represented by the signals at 1428, 1464, 1509 and 1601 cm -1 [22] because of the stretching and vibration of the C-H bonds conjugated in the ring. The decrease in the intensity of the bands in those wavenumbers was attributed to a low level of lignin, thus, it can be seen in the FTIR spectra that the bands in the aforementioned wavenumbers are very small in nanocellulose compared to microcellulose, as it can be seen in Figure 5b . This means that the procedure for removing the lignin from the pineapple peel was effective and the material is mainly cellulose. This is reasserted by Pandey [23] , who argues that lignin content of the material is indicated by the 1505 cm -1 peak, which is not present in the spectra.
The presence of cellulose crystals in the sample was confirmed by the peak around 1429 cm -1 , corresponding to that of the -CH 2 scissoring motion [24] . The FTIR spectral peaks used for estimation of the degree of crystallinity [19] are presented at 1424 cm -1 and at 895 cm -1 [25] . The empirical crystallinity of the cellulose can be calculated by the ratio between the absorbance of these signals (1424/895 cm -1 ) and the total crystallinity index was calculated by the ratio between the absorbance of the signals at 1367 and 2895 cm -1 . The values are shown in Table 1 . Another parameter that provides useful information related to NCC crystallinity is the hydrogen bond intensity of cellulose (HBI) [26] . The HBI can be associated with Table 1 .
Thermogravimetric analysis of NCC was conducted to observe the thermal stability of the NCC at different times of hydrolysis. Figure 6 shows the loss of water around 100 °C, represented by the slightly negative slope at the beginning of the TG curve. The thermal properties of the NCC seem to be similar for all hydrolysis times, but there is a trend towards decreasing the initial decomposition temperature. This behavior can be related to crystalline fraction, higher crystallinity, and higher degradation temperature, results which are supported by data shown in Table 1 . The major crystallinity index leads to a higher thermal stability of the product [27] . The thermal resistance of the NCC is, in general, less than that of the MCC; this is because of the insertion of sulphate groups into cellulose chains which catalyze the degradation of cellulose [24] . Another factor that can be related to this behavior is the change in the ratio of particle surface, which is higher in NCC than in MCC. Therefore, the lower degradation temperature of NCC arises from the smaller particle size and higher ratio of particle surface, as it can be seen in Figure 7 .
The zeta potential was determined by electrophoretic mobility of the particles in solution. Zeta potential values higher than −15 mV represent the initial agglomeration of the particles, while values lower than −30 mV signal the formation of a colloidal suspension [28] . Table 1 shows the zeta potential data for the nanocellulose suspensions. The negative charge can be attributed to the sterification of the hydroxyl groups to sulfate groups during the hydrolyzation [28, 29] , as it is shown in Figure 8 . This will allow van der Waals interactions between the nanocellulose, promoting an electrostatic repulsion between the nanofibers, preventing agglomeration.
Control of the hydrolysis time was crucial. Long contact times and higher variation temperatures could degrade the nanocellulose to small organic molecules, producing a dark brown color. Figure 9 shows the whitish color of the product. The experimental yield for the described process was approximately 3.65 wt%. Raw material NCC
